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Abstract 
The adsorption and reaction characteristics of a Ba/Sr/Sma03 catalyst for methane coupling has 
been investigated using the TAP (Temporal Analysis of Products) reactor system. Puhed adsorption 
experiments using methane, oxygen and krypton at temperatures ranging from 17°C to 300°C show 
that the transient response of methane is similar to that of Kr and is either not adaorbed, or weakly 
adsorbed on the catalyst. By contrast, oxygen ia strongly adsorbed at temperaturee above 500°C which 
suggests incorporation into the lattice with possible formation of surface anions. Pump-probe experi- 
ments in which methane and oxygen are introduced over the catalyst were aho performed to investigate 
the effect of lifetimes of suspected surface intermediates on the relative yields of ethane and ethene. It 
is shown that the relative yields of both species increase with increasing vaIues of the pulse valve time 
delay between introduction of the oxygen and methane. An explanation of these results using current 
knowledge and reasonable speculation of the mecbaniim is provided. 
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INTRODUCTION 
The conversion of methane into valuable small molecules, such as methanol 
and ethene, currently represents a key focus of research in C, chemistry as 
supported by the significant number of publications which have recently ap- 
peared in this field [ 11. Interest in methane conversion into methanol and 
ethene is not surprising since these molecules are fundamental building blocks 
for a large number of commercially relevant products. Recent reviews [2-51 
provide a comprehensive comparison of the performance of various metal ox- 
ide catalysts for the partial oxidation of methane, and critically evaluate the 
current technical knowledge on various aspects of the catalytic chemistry. The 
authors of these reviews set forth mechanisms and reaction pathways that 
explain current observations with regard to the formation of both selective and 
nonselective products (cf, Fig. 10 in ref. 5), however comprehensive experi- 
mental results that support these are lacking in certain aspects. 
The use of transient response techniques to help elucidate the mechanisms 
of vapor-phase solid catalyzed reactions is well known [6-g], but these have 
not yet been systematically applied to study methane activation. The TAP 
(Temporal Analysis of Products) reactor system [ 10,111 provides another novel 
alternate approach for studying mechanistic aspects of vapor-phase solid cat- 
alyzed systems with millisecond time resolution which is not possible with 
other existing techniques. A new TAP microreactor was recently developed to 
permit steady flow and pulsed transient experiments to be performed up to 
1000°C where current methane coupling catalysts exhibit reasonable levels of 
activity [ 41. 
Recent work [ 121 has compared the reaction characteristics of various rare 
earth oxides with Li/MgO and showed that the addition of Na or Ca to the 
cubic form of SmzO, results in more favorable yields of the C, products with a 
higher activity than the remaining catalysts. Improvements in both the long 
term catalyst activity and the C, product yield for this latter oxide have been 
recently reported [ 131 by the use of alternate dopants, such as Ba and Sr. 
Details associated with the reaction mechanism that explains this behavior are 
not yet complete, but have been inferred from catalyst characterization and 
steady-state reactor performance data. 
The primary objective of this work is to study the adsorption and reaction 
characteristics for the oxidative coupling of methane with a Ba/Sr/SmzO, cat- 
alyst using the TAP reactor system. Since previous work has shown that the 
cubic phase of Smz03 exhibits both greater activity and C!, product selectivity 
than the monoclinic phase [ 12,141, the cubic phase was utilized here. Empha- 
sis is placed here on showing that the relative yields of ethane and ethene are 
noticeably affected by the time interval between catalyst surface exposure to 
oxygen and methane. This behavior is similar to recent results obtained for 
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the epoxidation of ethene over silver [ 151, and provides insight into the life- 
times of suspected surface intermediates and other mechanistic information. 
EXPERIMENTAL 
Catalyst preparation and characterization 
The samples of Ba/Sr/SmzO, were prepared by mixing appropriate amounts 
of BaCO,, SrCO,, and Sm,Os with deionized water to form a slurry. The mix- 
ture was stirred and evaporated to dryness at 80’ C for 6 h followed by over- 
night drying at 125’ C. The samples were then calcined in air at 850” C for 6 h. 
The final dopant composition was 3 wt.-% Ba and 3 wt.-% Sr. Catalyst analysis 
and characterization results are provided in the thesis by Fornasari [ 131. 
TAP experiments 
Single pulse transient experiments were performed to investigate the ad- 
sorption of a reactant gas by comparison of the transient output response of 
the reactant to an inert gas under non-reacting conditions at a series of tem- 
peratures. In order for the transient output response to be a measure of Knud- 
sen diffusional transport through the catalyst bed, an input pulse intensity of 
approximately 1015 molecules/pulse was used. 
Pump-probe transient experiments were performed by introducing sequen- 
tial pulses of oxygen and methane at various time intervals and observing the 
transient output of product molecules. In contrast to the adsorption experi- 
ments, the pulse intensity for the pump-probe experiments is increased to ap- 
proximately 10” molecules/pulse to establish a higher probability for reaction. 
Since the two reactant pulses are separated in time, the pressure of the reactant 
gases in the reactor is not of the same importance as in other transient reactor 
systems. At the reactor inlet the pulse has its highest local pressure, but the 
pressure decreases rapidly within a few particle diameters. This results in a 
mean gas pressure of approximately 1 Torr (1 Torr = 133.3 Pa) during the time 
that the pulse is within the reactor. 
RESULTS AND DISCUSSION 
Mass spectrometer calibration 
In order to differentiate between the various reactants, products, and inert 
gases analyzed in this work, mass spectra of individual pure gases were ob- 
tained from continuous flow scan experiments with no catalyst in the reactor. 
From these spectra, values of the mass-to-charge (m/e) for use in the pulsed 
transient experiments were identified for each gas. The following values of 
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m/e were selected: 16 = methane, 25 = ethene, 30 = ethane, 32 = oxygen, 
44 = carbon dioxide, 34 = krypton. No products were observed at m/e = 31 so it 
was concluded that methanol was not formed. No unique m/e value exists for 
formaldehyde, so that no conclusions regarding its formation were made. Even 
though oxygen shows a significant response at m/e = 16 there is no ambiguity 
between methane and oxygen at m/e= 16 because they are introduced at dif- 
ferent input times. Although ethane contains a fragment at m/e = 25, the in- 
tensity of it is small when compared with the parent fragment at m/e=30. 
This ratio of intensities was used during pump-probe experiments to deter- 
mine that greater than 96% of the signal intensity at m/e= 25 was contributed 
by ethene. 
Adsorption of methane and oxygen 
The transient responses of methane and oxygen at 300,500, and 600 ’C are 
shown in Figs. 1 and 2. The responses of Kr (not shown for brevity) are not 
affected by the change in temperature which demonstrates the pulse valve con- 
sistency. Methane responses do not appreciably change by increasing the tem- 
perature, thus suggesting that methane is only weakly adsorbed, if at all, on 
the catalyst surface. In contrast to the methane adsorption results, the re- 
sponse of oxygen is greatly affected by temperature changes. At temperatures 
above 500’ C, oxygen is irreversibly adsorbed and possibly incorporated into 
the lattice of the catalyst, while at 600’ C, almost no oxygen escapes the reac- 
tor. In order to understand the capacity of the catalyst for oxygen incorpora- 
Fig. 1. Effect of temperature on the output response of methane under Knudsen flow conditions. 
(A) 3W”C, (B) 6OO”C, and (C) 600°C. These data show that methane is only weakly adsorbed 
on the catalyst surface. 
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Fig. 2. Effect of temperature on the output response of oxygen under Knudsen flow conditions. 
(A) 3OO”C, (B) 5OO”C, and (C) 600°C. These data show that oxygen is irreversibly adsorbed 
above 500 ’ C. 
tion, the oxygen adsorption experiments were repeated under non-Knudsen 
flow conditions by increasing the pulse intensity by a factor of fifty. It can be 
shown that even with this much higher pulse intensity, there is significant 
oxygen incorporation which indicates the catalyst has an enormous capacity 
to accept oxygen. 
TAP pump-probe results 
In a recent systematic kinetic study performed by Korf [ 141, the rate expres- 
sions for both a Li/MgO catalyst and a Li/Sn/MgO catalyst were determined. 
Although the detailed conclusions are omitted here for reasons of brevity, it 
suffices to say that the rate limiting step for both catalysts was found to be the 
reaction between adsorbed methane and oxygen molecules. In addition, the 
reaction rate equations are of the Langmuir-Hinshelwood type with competi- 
tive adsorption of oxygen and carbon dioxide with methane adsorption on the 
same site or on adjacent surface sites. In related work, kinetic measurements 
performed by Otsuka and Jinno [ 161 over a Sm,O, catalyst suggest that a 
mechanism involving adsorption of methane and oxygen on different sites was 
operative, and that an adsorbed diatomic oxygen species was involved in the 
formation of a CH,*radical from an adsorbed methane molecule. Based upon 
these results, it would appear that transient experiments involving the periodic 
introduction of methane and oxygen might provide insight into the relative 
lifetimes of surface intermediates and their effect on the relative yields of ethane 
and ethene. 
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The pump-probe experiments were performed using two pulse valves con- 
taining binary mixtures of a reactant and an inert: pulse valve A contained 
95% CH,/5% Kr and pulse valve B contained 95% O&% Kr. The results 
given below are based on an approximate 2 : 1 stoichiometric ratio of CH, : 0, 
in the inlet gas pulses with a valve firing sequence of B then A, so that oxygen 
is the pump molecule and methane is the probe molecule. Five pump-probe 
intervals between the B and A valve pulses ranging from 5 to 100 ps were used 
and the transient output responses were measured at the previously specified 
m/e values for the reactant, product, and inert gas molecules. 
Fig. 3 shows the effect of the pump-probe interval on the relative krypton 
responses at 650°C. The krypton present in the oxygen pulse (pump) and 
methane pulse (probe) behaves as an inert species, and provides qualitative 
insight on the gas transport through the reactor in the absence of reaction for 
later reference to the ethane and ethene product responses. If the peak height 
of krypton in the pump pulse is subtracted from the peak height of krypton in 
the probe pulse at the time where the latter achieves a maximum, it is evident 
that the krypton responses for the probe will have nearly the same maximum 
relative intensity for all of the pump-probe intervals used. It follows directly 
that the relative intensities of oxygen and methane in the inlet pulses are iden- 
tical at all time intervals. Therefore, any relative differences in product peaks 
for varying values of the pump-probe interval can be ascribed to changes in the 
surface chemistry as opposed to differences in the operating characteristics of 
the pulse valves. It is also worth noting that the locus of maxima associated 
with the transient response of krypton in the probe pulse is parallel to the 
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Fig. 3. Effects of varying the pump-probe interval on the krypton output response at 650 ’ C. (A) 
interval=O.005 s, (B) interval=O.OlO s, (C) interval=0.025 s, (D) interval=0.050 s, and (E) 
interval=O.lOO 8. 
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transient response of krypton in the pump pulse. This suggests that desorption 
of the krypton from the catalyst is independent of the surface coverage under 
these conditions. 
Fig. 4 shows the effect of the pump-probe time interval on the relative tran- 
sient responses of ethane (m/e=30). The production of ethane rapidly in- 
creases with increasing values of the time interval, and it achieves a maximum 
at an interval of approximately 100 w. In fact, the production of ethane re- 
mains essentially constant for time intervals up to 3000 ms (data not shown 1. 
Since the local gas-phase concentrations of oxygen and methane above the 
catalyst surface are greatest at the smallest values for the time interval, the 
production of ethane might intuitively be expected to achieve a maximum un- 
der these conditions. The results presented in Fig. 4 indicate however, that the 
maximum ethane yield is obtained when the gas-phase concentration of meth- 
ane is a maximum, but the gas-phase concentration of oxygen is approaching 
zero. It is also significant that the maximum yield does not decrease for pump- 
probe intervals greater then 100 ms. 
The effect of the pump-probe interval on C, product yields suggests that the 
active oxygen species is formed in a relatively slow activation process and does 
not reach a maximum until 100 ms after the initial oxygen injection, This 
would be the result, for example, if oxygen entered the Sm,O, lattice at a point 
other than the active site. Alternatively, the presence of gas-phase oxygen may 
produce a rate inhibiting product, such as carbon dioxide, which might be 
formed from the direct reaction of gas-phase oxygen with methane or a carbon- 
containing adspecies. The lack of C2 product yield dependence on intervals 
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Fig. 4. Effect of varying the pump-probe interval on ethane (m/e= 30) production at 650” C. (A) 
interval=O.O05 s, (B) interval=O.OlO s, (C) interval=O.O25 s, (D) int.erval=O.O50 s, and (E) 
interva1=0.100 8. 
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greater than 100 ms and up to 3000 ma indicates that the active oxygen species 
is strongly bound to the catalyst surface suggesting dissociative chemisorption. 
The transient response for the production of ethene (m/e = 25) is similar to 
Fig. 4 under identical experimental conditions, except ethene is formed later 
than ethane as shown in Fig. 5. This observation is qualitatively consistent 
with the assertion that ethene is formed in series through the oxidative dehy- 
drogenation of ethane involving surface adsorbed oxygen [ 3,5]. 
The transient responses of carbon dioxide (m/e = 44) were also measured 
under identical conditions (not shown). These responses were very broad, and 
appear as a baseline offset rather than a well-defined pulse. At shorter pump- 
probe intervals when gas-phase oxygen is present in higher concentrations, the 
relative quantity of carbon dioxide produced increases. The formation of car- 
bon dioxide is obviously associated with nonselective pathways with one pos- 
sible source being the oxidation of carbon-containing surface species formed 
from the gas-phase methane. The previous steady-state experiments cited ear- 
lier clearly indicate inhibition of the rate of C, formation by carbon dioxide 
which would be expected in view of the above experimental results on the slow 
desorption of carbon dioxide from the catalyst surface during the pump-probe 
cycle. The degree of surface coverage by carbon dioxide and other related sur- 
face intermediates, especially at the shorter values of the pump-probe time 
interval, may also influence the relative production of ethane and ethene in 
addition to the rate of formation of surface oxygen species. 
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Fig. 5. Comparison of the output responses of ethane and ethene at 650°C. (A) Ethane (m/e = 30 ) 
and (B) Ethene (m/e=25). The time offset of the ethene response is due to its sequential for- 
mation from ethane. 
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CONCLUSIONS 
The results of this study have provided several important insights into the 
adsorption and reaction characteristics of a Ba/Sr/Sm203 catalyst for the ox- 
idative coupling of methane. First, the transient responses of methane and 
oxygen over the range of temperatures and reaction conditions studied here 
indicate that methane is weakly, if at all, adsorbed in comparison to oxygen. 
At temperatures above 500 o C, oxygen undergoes irreversible adsorption with 
the catalyst which suggests incorporation into the lattice and possible forma- 
tion of surface or subsurface anions. Second, pump-probe experiments indicate 
that the rate of ethane production depends upon the rate at which active sur- 
face oxygen species are formed from gas-phase molecular oxygen. In addition, 
the rate of carbon dioxide desorption is also liiely to have an effect on the rate 
of ethane production. The formation of ethene appears to occur in series with 
ethane, and may possibly involve the same surface oxygen species responsible 
for the formation of surface CH,.radicals. In situ measurements of surface 
species under reaction conditions would help elucidate this surface chemistry, 
and allow an assessment of whether or not formaldehyde is an intermediate in 
the reaction sequence. 
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